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Effect of mix rheology, admixtures and salts upon 
physical and mechanical properties of hardened 
cement pastes 

Action comb/nee des adjuvants et des additions de se/sur les proprietes 
physiques et mecaniques des pates de ciment durcies 

B E. SCHEETZ. Research Associate. 
E.L WHITE, Research Associate, 

D. WOLFE-CONFER, Senior Research Technician, and 

D M. ROY. Professor, Materials Research Laboratory, The Pennsylvania State University, University Park, 
Pennsylvania 16802, U.S.A. 



SUMMARY: The interrelationship*! between 'the Theological properties of ordinary cement slurries and viscous pastes 
and the mechanical and physical properties of their hardened composites have been Investigated. The cement slur- 
ries, made from an ASTM Type I and an API Class C cement, were modified by addition of two superplasticizing admix- 
tures, a sulfonated melamlne formaldehyde condensate (A14) and a sulfonated naphthalene formaldehyde condensate (A3). 
The interactions between the admixtures and brines are important since these composites may be exposed to brines at 
elevated temperatures (geothermal applications) and to bedded evaporite deposits (in a possible nuclear waste dis- 
posal site). 

Ideological properties of cement slurries were measured at different shear rates to explore properties related to 
pumpability 1n the mixes. The shear stress for both the Type I and the Class C cement slurries was found to de- 
crease with Increasing superplastldzer' concentration and with increasing salt content at a 1% admixture concentra- 
tion. However, the rheologlcal properties of both cement pastes were very erratic below 15 wt/o NaCI j In the 
presence of 25 wt/o NaCI, the fluidities of the pastes were 2 to 3 times greater at si*, superplasticizer concentra- 
tions but changed rapidly in contact with additional amounts of either superplasticizer. 

The setting times for the Type I cement slurries systematically increased with increased admixture concentrations; 
however, the Class C cement had the opposite trend. The possible reason for these behaviors are discussed. The 
bulk densities for all specimens were measured and variations' with curing time, admixture content, and nature of 
mixing waters were discussed. 

The microhardness measurement was utilized as a criterion to determine the strength of a specimen. Generally, the 
hardness increased with increasing curing time. Variation 1n hardness values for samples prepared from various 
cements and mixing water (with or without additives) were also discussed. A very distinct difference in hardness 
between the samples prepared with delonized water and admixture and saturated sodium chloride and admixture exists. 
The delonized water prepared samples were fully 40* stronger than the salt-admixture prepared samples. 

^Is^H-eTat'ions entre les proprietes rheologiques de barbotines de ciments ordinalres ainsi que de pates visqueuses 
et les proprietes mecaniques et physiques de leurs composes durcis ontete etudlees. Les barbotines de ciment, 
priparees a partir de ciments' A5Tij type I et API Classe^C. furent modlfiees par I'ajoufde deux adjuvants' super- 
plasrlflants, un condense sulphone de formaldehyde de melamine (AH) et un condense sulphone de formaldehyde de 
naphtalene (A3). Les Interactions entre les adjuvants et.les saumures sont Importantes vu que ces composites, 
peyvent Stre exposes a des ^saumures a des temperatures elevees (applications geothermales) ainsi qu 'a des depots 
d'evaporlte (dans un site eventuel de stockage de dechets rad1 oactifs) - 

Les proprietes rheologiques des barbotines de ciment furent mesurees a dlfferentes v-itesses de clsaillement afin 
d'explorer les proprietes en rapport avec T aptitude an pompage des melanges. La force de dssail lenient pour 
les pates du Type I et de la Classe C diminue lorsque la concentration de superplastlfiant augumente ainsi qu' 
avec une augmentation du taux de sel lorsque Ton utilise 1% d'adjuvants. Toutefols, les proprietes rheologiques 
des deux pates de ciment deviennent erratlques lorsque Ton utilise raolns de 15* (en poids) de NaCI.' En, 
presence de 25% [en poids) de NaCI, les fluidites des pates sont 2 a 3 fois superleures pour des concentrations 
de superplastlf iants <}%, mais changent rapidement au contact d'ajouts supplemental res d'un des duex 
superplastifiants. 

Le temps de prise des pates de ciment du Type I est systematlquement alonge lorsque Ton augmente la concentration, 
des adjuvants contrairement au ciment de la Classe C. Les raisons possibles pour ces phenomenes sont exposees. 
Les densites de tous echantillons furent mesurees et leurs variations avec le temps de prise, le taux d'adjuvants 
et 1a nature des eaux'de mixage sont rappartees. 

La microdurete fut utillsee coirnie crltere pour determiner la resistance d'un echantlllon.^ En general;, la 
ml crqdurete' augmente avec le temps de prise. La variation de la durete d'echantl lions prepares a partir de 
di.fferents ciments eteaux de mixage (avec on sans addltifs) est aussi rapportee. II existe une difference tres 
nette entre la durete d'echantillons prepares avec de Teau 'de-iom'see et des adjuvants et celle d'echanti lions 
prepares avec de Teau saturee en chlorure de sodium^et des adjuvants. Les echantillons prepares avec de Teau 
de-iom'see sont 40* plus resistants que ceux prepares avec Teau saturee en NaCI. 
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INTRODUCTION 

Effective sealing of penetrations into a nuclear waste 
repository (1), or, through rock, strata made for the 
purpose of extracting geothermal energy (2,3) will de- 
mand the development of cementitious composite materials 
for closure of the holes, or for cementing of the cas- 
ings. The composites will need to possess long-term 
stability (4) coupled with ease of emplacement. Fun- 
damental to the geothermal applications is the exposure 
of these cementitious composites to mineral -laden 
brines at elevated temperatures (2,3); while, for the 
nuclear waste disposal application, the most 
conceptually-advanced repository in the U.S. (5) 1s 
designed for siting in bedded evaporite deposits. The 
research results presented here were carried out to 
■address certain Intrinsic materials performance and 
property questions, dictated hy the requirements of 
potentially important applications of cementitious ma- 
terials where they will perform in the presence .of 
hal ide phases: 

(1) Effects upon the chemical and physical prope- 
rties of such composites prepared with Superplastl- 
cizlng admixture and salt combinations: Are there 
potential Interactions that would affect the integrity 
of the composites? 

(2) Effects of alkali halldes and superplasticizers 
upon the rheologieal properties of "pumpable" cementi- 
tious slurries: Because cement formulations for down- 
hole emplacement are usually designed to be pumped 
under turbulent flow conditions (large Reynold's num- 
bers) it is necessary to determine any such effects. 

(3) Interactions of hal ides with the superplasti- 
cizers, that will affect the "pumpablllty" of the 
slurries: Do any significant changes occur with time? 
The purpose Of the following experiments was therefore 
to address the questions of potential interaction be- 
tween halide phases present 1n the expected geological 
environment and the cementitious mixes that might be 
emplaced 1n the geomedla-. 

EXPERIMENTAL 

Ordinary commercial cements were used in these studies 
as much as possible, modified by chemical additions to 
achieve additional desirable chemical and physical 
properties. The cements used included an ASTM Type 1 
and an API Class C. Table 1 gives chemical analyses 
of these cements. Three commercial superplasticizers, 
one sulfonated melamine formaldehyde condensate (AH), 
and one sulfonated naphthalene formaldehyde condensate 
(A3), were employed in the studies. 

All cement preparations were conducted following ASTM 
C305 procedures; samples were mixed with either de- 
ionized water, or sodium chloride saturated solutions 
and maintained at a w/c of 0.3, compacted Into poly- 
ethylene molds on a vibrating table for 60 seconds, 
and cured for 24 hours at greater than 90% relative 
humidity (l). The molds were then removed, and the 
samples were cured under selected fluids, saturated 
Ca(0H) 2 or saturated NaCl, contained in sealed glass 
Jar', at room temperature and 60°c. ' The nomenclature 
used is as follows; 



cement . . 
type ■ w/c 


mixing 




curing 


curing 


water 


admixture 


water 


temp. 


I 0.3 


NaCl* 




Ca(0H) a 


RT 


I 0.3 


DU 


0 


NaCl 


. 60. 



*The concentration of NaCl in the solution is not In 
eluded as solid 1n the designated water:sol1d ratio; 
Dw = deionlzed water. 



Chemical composition 
(major constituents) of 
Type I and Class C cements 





Type I 
(1-5) 


Class C 
(C-2) 


S10 2 
A1 2 0 3 

MgO 

S0 3 
C0 2 


20.62 
5.24 
2.90 

62.88 
3.20 
2.88 
NO 


21.2 
2.7 
5.1 

65.4 
O.B 
2.5 
NO 



Compressive strength (ASTM C109), microhardness 
(Vicker'-s), density (1), water and gas permeability 
(6), bond strength, phase composition by x-ray dif- 
fraction, setting times (ASTM C191), and rheologieal 
properties (7) were determined to aid in the Inter- 
pretation of potential interactions. 

RESULTS AND DISCUSSION 

These experiments were designed to investigate various 
properties Of cementitious materials relevant to their 
placement and performance 1n contact with salt- 
saturated environments. Initial experiments were de- 
signed to compare the effects of de ionized mixing 
water vs. saturated NaCl mixing water; the effect of 
the interaction of a fixed concentration (U) of a 
superplasticizer with NaCl added to the mixing water; 
the effect of the type of curing water [sat. Ca(0H) 2 
or sat. NaCl], and in a limited number of tests the 
effects of curing at elevated temperatures. 

X-ray Diffraction Phase Determination. Very little 
difference in the resultant hydration products could 
be recognized between the samples that were prepared 
with and without an admixture. The phases identified 
by x-ray diffraction (XRD) were portlandlte [Ca(0H) 2 ], 
B-C ; S, CjS* and the calcium chloroaluminate hydrate 
"Frleders salt" (8). Also recognized in these dif- 
fractograms were a large amorphous contribution to the 
x-ray diffraction pattern centered at ■v25°2e, and the 
contribution of a phase that possesses Intense low 
angle diffuse background which usually left the chart, 
beginning in the range of from 6 to 10A. Table 2 is a 
summary of the recognized phases, The present' XRD 
data were obtained for qualitative phase identifica- 
tion; the references therefore necessarily reflect 
only trends of the reactions. 



temperature. 
Fried*! 



Table Z. 
Phases Identified 
by x-r«y d1ffraet<t>n 


curing 
(days) 


admixture (A3)* 


01 1« 


lo.3 NaCl-C*(OH) 1 -RT t 


7 

za 


P 
7 


6 C 


1k 


f 6 C lb 
P B C 




56 


7 


! * 




P B C k 


0.3 NaCl-NaCl-RT 


7 
28 
56 


7 
7 


B C 
B C 
B C 


Tb, 


P B C lb 

P B C ka 

P 6 C k« 


0.3 Dtf-Ca(OH)j-BT 


7 

za 

56 


P 
7 


I § 




P B C 

P 8 C a 




7 


i C 




P B C 


|D. 3 DW-NaCl-RT 


7 
26 
56 


7 
7 


1 f 
B 


lb 


P B C lb 

P B C - k 

P B C 


fNOmenclature 1n order: w/e ra 


t1« 


mixing water. 


curing wetar, curing 



pgrtlandite, B = (-C 2 5; C = C 3 5; lb 

It (3Ca0-Al I 0 r CaCls,-10HjQ); - 60"C cured samp 
:kground; A3* ■ sulfonated .naphthalene fo 



_ angle background; l 
ildehyde" c 



"Cement abbreviatioi 
F - Fe z 0 3 . 



■ CaO, S ■ S10,. A - A1 2 0 3 , 
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Bulk Density. Bulk density Is a routinely measured con- 
trol property which, when all other factors are equal, 
confirms reproducibility of sample preparation {I.e., 
replicates should agree within 9 high degree of pre- 
cision). It is also a useful measurement for indicating 
trends. Therefore, such densities were measured for 
each sample in this series of experiments, as mass per 
unit volume, after removal from the curing solution, 
saturated, surface dry (see Table 3). 

The relative comparisons are as follows; (1) WitH the 
exception of two compositions which showed significant 
departures, a specimen of a particular composition was 
found to maintain Its .density (within ±1.5 percent), 
not changing with curing time (8 of 12 were within *1 
percent). (2) The admixture-containing samples as a 
group showed the lowest overall variation as a function 
of time. (3) The de-1on1zed water preparations showed 
less variation than the salt-saturated mixing water 
specimens. (4) Within the deionized mixing water group, 
samples prepared with admixtures at a single age were 
essentially identical. 

It should be noted that the specimens made with satur- 
ated NaCl mixing water actually contain considerably 
higher total solids content. Thus it had been expected 
that this group of samples would possess considerably 
higher densities. In fact, only a single sample set 
(that with both NaCl mixing and curing water, no ad- 
mixture, and cured at room temperature) showed con- 
siderably higher densities than other comparable sam- 
ples. Thus, the salt-saturated samples departed 
significantly from expected ideal behavior, 

Microhardness. Following .earlier work (9) which 
"showed that a relationship exists between microhardness 
and porosity for certain families of cement-11ke ma- 
terials, a relation between mlcrohardness and bulk den- 
sity was also established (10,11), which is Indirectly 



See Table 3, page VI-175 



Table 4. Microhardness vs. curing time 
for sodium chloride treated Type I pastes 







tp fwpekO 


1 


4 


e 


1-0.3 NaCl-0-Ca(0H) 2 -RT 3A 
1-0.3 NaCi-l-Ca(0H) 2 -RT TA 
1-0.3 NaCl-O-Ce(0H) 2 -60 3A' 
1-0,3 NaCl-O-NaCl-RT 3B 
1-0.3 NaCl-l-NaCl-RT IB 
1-0.3 NaCl-0-NaCl-60 3B 1 


41.5 
36.3* 
49.0 
44. B 
36, B* 
53.0 


53.0 
50.7* 
63.0 
50.5 
45.3* 
60.0 


63.8 
50.3* 
S5.2 
77.0 
52.9* 
51.4 


1-0.3 DW-O-Ca(0H) 2 -RT 4A 
1-0.3 0W-l-Ca(DH) z -RT 2A 
1-0-3 OH-0-Ca(OH) z -60 4A' 
1-0.3 OW-0-NaCl -RT 4B 
1-0.3 DW-l-NaCl-RT 2B 
1-0.3 DU-O-NaCl-60 4B' 


59.8 
57.1* 
59.1 
55.5 
54.1* 
52.4 


59.1 
69.4* 
81.0 
62.6 
63.9* 
66,4 


66.7 
63.9* 
B1.8 
66.7 
67.3* 
58.7 



*with admixture 



related to strength. The microhardness of every sam- 
ple was determined using the Vlcker's technique (10); 
data are given in Table 4. The general trend found 
for all samples was an increase In hardness with in- 
creasing curing time- The hardness increase ranged 
from 1035 to 70* in some instances with the average in- 
crease approximating 301.. The reference neat paste 
(without admixture or NaCl) Cured at 60°C showed the 
most rapid increase In hardness and also possessed the 
greatest hardness. Generally the samples prepared 
With deionized water and Type I cement were harder 
than those prepared with salt. All of the samples 
using deionized mixing water produced harder products 
than those samples prepared with salt mixing water. 
The former samples generally maintained their 
strength with respect to the latter samples as a func- 
tion of time. A very distinct difference 1n hardness 
exists between the admixture-containing samples pre- 
pared with deionized water and those prepared with 
saturated sodium chloride. The samples prepared with 
deionized water are fully 40)! stronger than the salt- 
admixture prepared samples. 

Permeability. One of the most effective predictive 
measures or the potential for mass transport through 
a particular medium is its permeability (6). If a 
cementitlous material 1s going to be an effective bar- 
rier to the transfer of fluids and their contents, it 
must possess a permeability less than or equal to that 
of the surrounding rock. The permeability measure- 
ments recorded 1n this experimental sequence were all 
made with nitrogen, using the Klinkenberg extrapola- 
tion to infinite pressure, giving an approximate liquid 
permeability. The values obtained for the entire 
specimen set, range from about 0,1 microdarcy to tens 
of mlcrodarcles. No obvious trend is apparent in 
these data as a function of the admixture's presence. . 
All those samples prepared with deionized water ap- 
pear to have permeabilities that are less than or 
equal to the values obtained for the saturated sodium 
chloride mfxing water samples. The data are reported 
elsewhere (12). 

OVERVIEW OF PHYSICAL PROPERTIES 

Microhardness measurements showed a general increase 
With curing time, which would be indicative of gen- 
erally increased strength. The samples prepared with 
deionized water were generally superior to those pre- 
pared with saturated salt solutions. This gives rise 
to a suggestion that optimized cementing composi- 
tions possibly may not Involve preparation with sat- 
urated salt solutions. On the other hand, samples 
prepared with deionized water and cured in a 20SS salt 
solution were generally equal to or Superior" to any 
of the former samples, 

Further, it 1s realized also that microhardness of 
the present samples cannot be expected to follow a 
strictly linear relationship with bulk density for 
two reasons: (1) The salt-saturated samples cannot 
be compared strictly with ordinary silicate cement 
samples because of major compositional difference. 
NaCl intrinsically has a lower hardness than sili- 
cates; although its addition serves to increase den- 
sity of the composites, 1t does little to increase 
the hardness. (2) The density of samples containing 
only bound (non-evaporable) water would be the more 
appropriate property for correlation with microhard- 
ness, rather than the saturated bulk density, which 
includes a component of non-structural water. The 
latter adds little to the strength. Therefore, the 
above correlation, while showing trends, does not 
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constitute a quantitative relationship. It will be 
important to find whether there are correlations with 
dry (110°C) density, and to further characterize the 
cement composites' mechanical properties. 

Although general trends can be ascertained that Sug- 
gest that the sodium chloride based formulations do 
not form as good a composite as similar formulations 
without the salt, there was no specific evidence of 
superplastldzer-salt interactions. 

Rheoloqical Properties. The questions addressing the 
potential Influence upon the setting times and rheo- 
loglcal properties, which -affect pumpability do in- 
directly suggest that interactions occur. 

Literature references (13,14) state that 1n the pres- 
ence of brines no adverse effects occurred between the 
saline mixing waters and commercial oil well cementing 
admixtures. Both of the above references, however, 
failed to identify the general class of admixtures or 
to provide any specific details, of the nature of any 
experimentation that was conducted. 

■ All viscosity measurements were made on a Brookfield 
Model 5X HBT, Ot'ner measurements in the laboratory 
have been carried Out with a Haake Rotovlsco instru- 
ment (7), and calibrations using standard Newtonian 
liquids have shown agreements iri calculated viscosi- 
ties from the two instruments to within 3-65S (15). 
The Brookfield instrument was chosen for the current • 
studies for convenience, as well as for the Instru- 
ment's ability to permit measurement of mortars as 
well as pastes. The torques at 8 different shear 
rates were determined 1n successive order from the 
largest to the smallest (ineasurement duration 1 m1n.), 
followed by a 1 minute rest, then determined with 
successively larger shear rates. The total time 
required for the measurement after mixing was approxi- 
mately 17 minutes. 

Figures 1 and 2 contain data sets for the instrument 
reading given in millivolts, which is proportional to 
Theological shear stress, versus added sodium chloride 
solids in weight percent, The data are graphicilly 
presented for one rotor speed (10 rpm), which 15 pro- 
portional to shear rate; this represents an intermed- 
iate value of the 8 rates determined. The data in 
Figure 1 suggest a nearly monotonically decreasing 
shear stress with increasing salt content (at 1% 
concentration: wt admixture solids/weight cements, of 
both the sulfonated naphthalene and mel amine formalde- 
hyde condensate superplastlclzers). The Type Icement 
alone undergoes somewhat more erratic behavior but 
with roughly the same trend. The Class C cement in 
Figure 2 behaves 1n a similar fashion with a monoton- 
ically decreasing shear stress with Increased salt 
concentrations. The exception to this Is the mixture 
of Class C cement with the sulfonated naphthalene 
s u perplast1dzer (A3) which is. approximately a factor 
of 3 more fluid than the remaining Z samples. In both 
sets of experimental data, erratic behavior occurs 1n 
the rheologlcal properties of the pastes below 15 wt/o 
NaCl. 

Typical of the Theological properties with varying 
superplastlcizer concentrations are the data presented 
1n Figure 3, where the shear stresses with increasing 
superplasticizer concentration generally appear to 
decrease monotonically. However, In the presence of 
25 wt/o sodium chloride, the pastes typically are a 
factor of 2 to 3 more fluid at low superplasticizer 
concentrations (less than 'or equal to 1%) but rapidly 




5 10 IS 20 25 30 35 
K1/0 NoCI 

Figure 1. Viscometrlc response of paste vs. % NaCl 
in mixing water. 




Figure 2. Viscometrlc 
mixing water. 



of paste vs. % NaCl in 




Figure 3. Viscometrlc response of a Type I (1-5) ce- 
ment paste to different concentrations of admixtures 
and NaCl , 



change 1n their, fluidity In contact with larger con- 
centrations of either superplasticizer. 

Setting Times. Extensive measurements were made of 
setting times of the variety- of pastes (1,16).. Ini- 
tial measurements performed on the neat cement Type I 
(1-5) pastes with increasing admixture concentrations 
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Figure 4, Effects on initial setting time of Type I 
cement of varying amounts of water-reducing agents 
1n the presence of 25 wt/o NaCl. 



A3 




WT/O ADMIXTURE 

Figure S. Effects on Initial setting time of Class C 
cement of varying amounts of water-reducing agents 1n 
the presence of 25 wt/o NaCl. 



indicated a systematic increase 1n setting times with 
increasing admixture content. Variations due to the 
chemical type of admi xture were observed especially at 
the large concentration levels (Figure 4), The Class 
C (C-2) cement, however, exhibited the opposite trend 
of setting faster with Increased admixture concentra- 
tions with very erratic results occurring for the 
chemically different admixtures at concentrations 
ahove 1 wt/o (Figure S). 

The explanation for these observations may lie in a 
combination of the physical properties of the .indivi- 
dual grinds for each cement, and its. chemistry. The 
chemical compositions given 1n Table 1 show both a 
lower alumina (and resultant lower C 3 A) and slightly 
lower S0 3 content in cement C-2-, and C-2 has a 
slightly higher specific surface area. 

The setting times of the Type I (1-5) cement (Figure 
4) in the presence of 25 wt/o NaCl generally indicate 
a trend toward the retardation of setting with In- 
creased admixture concentrations. The sulfonated 
naphthalene formaldehyde condensate A3 behaves erra- 
tically, acting as an accelerator at low concentration 
and as a retarder at higher concentrations. The Class 
C (C-2) cement exhibited a trend of acceleration of 
the setting with increased admixture concentrations. 



In the four data sets presented, the sulfonated mela- 
mine formaldehyde condensate for the most part behaves 
in a more nearly predictable manner than the sulfo- 
nated naphthalene but the Class C (C-2) cement responds 
in a more predictable manner than the Type I. 

Additional experiments with 1? admixture and varying 
salt concentrations up to saturation further substan- 
tiate these observations (16). 

CONCLUSIONS 

Phase characterization of cement pastes prepared with 
various combinations of Ingredients (including presence 
or absence): mixing water, admixture, curing water; 
and curing temperature was made. The calcium chloro- 
alumlnate hydrate, FHedeVs salt, was characteristic 
of many specimens which either Included NaCl 1n their 
mix or curing solution. Physical properties studies 
of the products of cement pastes prepared with super- 
plasticizers in the presence of sodium chloride sug- 
gest that the cured products typically are less pre- 
dictable and often inferior to those of the analogue 
formulations prepared without the presence of sodium • 
chloride. E.g., these are typified by similar per- 
meability values but with a larger, more erratic 
scatter in the measured values for the salt-containing 
samples. 

Investigations of the rheologlcal properties of these 
pastes in the presence of sodium chloride are more 
revealing experiments. The data presented herein 
suggest that potential interactions do exist between 
the superplastldzers (irrespective of the formulation 
or type Of admixture) and salt to produce erratic 
behaviors. Fortunately, the erratic behavior appears 
to be limited to low salt concentrations (at low 
superplasticlzer levels) or at relatively high super- 
plasticizer concentrations at more nearly typical 
working salt-concentrations. This trend, fortunately, 
will minimize their erratic behavior for certain 
applications: during emplacement of a. slurry the mix 
most likely will become enriched in salt as 1t is 
pumped Into an evaporrte formation. Data In Figures 2 
and 3 would suggest that this circumstance will have 
little effect upon the rheologlcal properties as 
compared to the impossible circumstance in which the 
concentration of admixture Increased. 

When designing cementltlous mixes for geothermal ce- 
menting, there would appear to be little 'advantage, 
and possible disadvantage, to including salts in the 
Initial mixes (2,3). For plugging applications 1n 
evaporites, factors involved with the Individual 
situation would have to be considered. From the 
present data, either salt-containing mixes ar non- 
salt-containing ones apparently could- be ejiiplaeed; but 
other factors relating to longevity would also have. to 
be considered for their final evaluation (4). 
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Table 3. Bulk density of sodium chloride treated samples versus curing time 









admixture 






1 week 


4 weeks 


8 weeks 






without 


with 


without 


-with 


wi thout 


with 


I-0.3NaC1 -0-Ca(0H) 2 -RT 


3A 


1.94 




1.91 




1.94 




I-0.3NaCl-l-Ca(0H) 2 -RT 


1A 




1.88 




.1.85 




1.88 


I-0.3NaCl-0-Ca(0H) 2 -60 


3A 1 


1.87 




1,88 


. 1.87 




I-0.3NaCl-0-NaCl-RT 


3B 


Z.07 




1.95 




2.02 




I-0.3NaCl-l-NaCl-RT 


IB 




1.93 




1.87 




1.88 


I-0.3NaCl-0-NaCl-60 


3B' 


1.94 




1.96 




1.90 




I-0.3DW-0-Ca(OH) 2 -RT 


4A 






1.88 




1.90 




I-0.3DW-1-Ca 0H) 2 -RT 


2A 




1.90 




1.90 




1.91 


I-0.3DW-0-Ca(OH) 2 -60 


4A' 


1.B6 




1.90 




1.89 




I-Q.3DW-Q-NaCl-RT 


4B 


1.94 




1.91 




. 1.91 




I-0.3DW-l-NaC1-RT 


2B 




1.91 




1.90 




1.91 


I-0.3DW-0-NaCl-60 


4B' 


1.92 




2.00 




1.93 





Average (kg/dm a ) 1.93*07 1.91 ±0.04 1.92*0.05 

1.91±0.02 1,8S±0,02 1.90iO.Q2 



